Transcriptional fusions to Salmonella typhimurium chromosomal genes were constructed by integration of a suicide fusion vector into the chromosome by homologous recombination with random cloned chromosomal fragments. We describe here a transductional method using the generalized transducing phage of S. typhimurium, P22, to clone these fusions directly from the bacterial chromosome, in a single step, without the use of restriction enzymes. In this transduction, the phage packages the chromosomal fragment containing the integrated plasmid. Once introduced into the recipient, the plasmid circularizes by homologous recombination between the duplicated region determined by the cloned fragment. Although RecA mediates the majority of these events, the plasmid can circularize in a recA recipient. However, in this case, the event occurs at a much lower frequency and only when the transduction is done at a high multiplicity of infection. In addition to integrated fusion constructs, we also show that autonomously replicating low-copy-number plasmids can be transduced. In this case, transduction is dependent on homologous recombination between the plasmid and the donor chromosome via cloned sequences, in which the transducing particle effectively traps the integrated plasmid.
The use of gene fusions has greatly facilitated the analysis of gene regulation, protein structure, and membrane topology, etc. (19) . Recently, we described a method to identify genes that are specifically induced when a pathogenic bacterium is infecting its host (9) . The method involves the selection of particular transcriptional fusions to bacterial operons induced during the infection process.
To construct such transcriptional fusions to Salmonella typhimurilum chromosomal genes, random fragments of Salmonella chromosomal DNA were cloned into the broad-hostrange suicide fusion vector pIVETI, 5 ' to the promoterless purA-lacZY genes (Fig. IA) . Some of these cloned fragments contained bacterial promoters in the proper orientation to drive the plurA-lacZY genes, generating operon fusions. Autonomous replication of pIVETI derivatives is dependent on the Pi replication protein that must be supplied in trans. Therefore, introduction of these fusion constructs into an S. typhimurium strain that does not contain plasmid replication functions results in integration of the fusion plasmids into the bacterial chromosome by homologous recombination with the cloned fragments. The product of this integration event generates a chromosomal duplication in which two copies of S. typhimurium material flank pIVETI plasmid sequences at the site of cloned homology (Fig. IA) . The integrated plasmid is organized so that one promoter drives the purA-lacZY genes and the other promoter drives a wild-type copy of the gene or operon defined by the cloned fragment. After selection for the fusions of interest, the constructs had to be recovered from the bacterial chromosome for subsequent analysis. Using the generalized transducing phage of S. typhimurium, P22, we have devised a single-step method to clone these fusions directly from the bacterial chromosome by transduction of the integrated fusion plasmid into a strain competent for plasmid replication.
Corresponding author. Construction of Salmonella F' Xpir. Our model plasmid system, pIVETI, is a derivative of the broad-host-range suicide vector pGP704, the replication of which is dependent on the Pi replication protein, which can be delivered in trans (10) . To date, this plasmid has been replicated in various Escherichia coli strains, e.g., in strains that harbor a X lysogen containing a cloned pir gene, which encodes the Pi replication protein (7) . Thus, our first step was to construct a S. typhimurium strain that is capable of supporting autonomous replication of the plasmid.
E. coli SK383 Xpir harbors the pir gene (encoding the Pi protein) carried on a specialized Xi434 transducing phage lysogenized at attX in the bacterial chromosome (7). This strain was grown overnight in Luria broth containing 10 mM MgSO4, and the spontaneously released phage present in the supernatant were used to make lysogens in strain ND26 (Agal-bio), which is deleted for the chromosomal attA and contains F'100-12 (gal' bio+ attXA). Briefly, 0.1 ml of supernatant was mixed with 0.1 ml of an overnight culture of ND26. After 10 min at room temperature, the mixture was streaked on a Luria broth plate that had been spread with approximately 109 of the clear selector phage, Xi434cl. Candidate lysogens were tested for (i) 434 immunity, (ii) the ability to support replication of the Pi-dependent replicon pGP704, and (iii) the ability to transfer F'100-1 2 Xpir by conjugation. F' 100-12 Apir was transferred from the ND26 derivative into a galE496 derivative of the wild-type S. typhimurium strain, ATCC 10428, by conjugal transfer, selecting Gal' Valr (E. coli strains are valine sensitive [22] ). This strain, JS30, was tested for the ability to support the autonomous replication of pGP704. (Strains used in this study are described in Table 1.) Single-step cloning strategy. Phage P22 grown on the fusion strain was used to transduce a recipient strain, JS30, which contains the Pi replication protein required for replication of the plasmid. Presumably, the transducing phage introduces the integrated fusion plasmid as a linear piece of DNA into the recipient cell (Fig. 1B) homologous recombination between the duplicated regions defined by the cloned S. typhimnurium DNA. The circularized fragment then replicates as a plasmid in the presence of the Pi replication protein, resulting in the cloned fusion of interest. Alternatively, the transduced fragment can initially recombine into the bacterial chromosome and subsequently recombine out as a circular fragment. In either case, the only stable event in a Pi' background is one in which the plasmid replicates autonomously, presumably because it is deleterious to the cell to have an active plasmid replication origin integrated into the chromosome (1).
Mechanism of transductional cloning. We performed several experiments to address the mechanism of the transductional cloning event. Note that in every case, the efficiency of the plasmid cloning event is internally controlled by normalizing to the ability to transduce lysA + and repair a lysA565::TnJO chromosomal marker present in the recipient strain, MT191. This normalization is necessary to account for variations in both the ability of phage P22 to grow on any particular donor strain and the ability of any given strain to act as a recipient. First, we determined whether the transductional cloning event could occur in a recA recipient strain. Table 2 shows that the integrated plasmid gene fusion in strain MT1042 (pMJMI I integrated) can be cloned by transduction into a recA Pi' recipient strain, MT189. As judged by restriction analysis, these cloned plasmids are identical to those isolated after transductional cloning into an isogenic recA + recipient, MT 190 (data not shown). However, the frequency of cloned fusions obtained in a recA strain was severely reduced. Moreover, the cloning event occurred only at a multiplicity of infection greater than 1. The high-multiplicity of infection dependence in a recA recipient is a characteristic of a two-fragment transduction event in which, presumably, one transducing fragment contains the integrated fusion and the other fragment encodes recombination functions that rcsult in circularization of the fusion plasmid in the recipient cell.
One candidate for the putative recombination function is the RecA protein produced from a transducing particle containing the recA+ gene from the donor. To test this possibility, we determined whether the frequency of the transductional cloning event was dependent on the donor strain carrying recA'.
P22 phage grown on isogenic recA and recA + integrated fusion strains, MT1041 and MT1042, were used as donors to transduce isogenic recA and recA' recipient strains, MT189 and MT191 (1ysA565::Tn10), to ampicillin resistance. Table 2 indicates that transductional cloning of the integrated fusion plasmid into a recA strain is not dependent on the donor strain carrying recA+. These results suggest that the proposed twofragment recombination function is provided by a function other than RecA+ from the donor cell. We suggest that the proposed recombination function is supplied not by another transducing particle but rather by a phage particle. Upon introduction of phage P22 DNA into a cell, the phage particle is circularized by a homologous recombination event between the terminally redundant ends (13, 20) . This event is mediated by a phage-encoded recombination function, Erf (essential recombination function) (2, 4, 14) . We propose that Erf may also mediate circularization of the plasmid sequences, explaining the dependence of the event on a high multiplicity of infection.
Transductional cloning of mutagenized bacterial sequences. Transduction of autonomously replicating low-copy-number plasmids. We also tested whether gene fusions present on autonomously replicating plasmids could be transduced in a fashion similar to that when the fusions were integrated in the chromosome. Note that for reasons that are unclear, we have observed a 10-fold reduction in the ability of phage P22 to grow on donor strains that contain autonomously replicating pGP704 plasmid derivatives; this reduction is exacerbated if the donor strain is a recA mutant (>102-fold). Phage P22 was grown on MT880 (recA+ Pi'), which contains an autonomously replicating plasmid gene fusion (pMJMI 1). Table 3 shows that the transduction of pMJMI1I from a recA + donor strain (MT880) into a recA + strain (MT191) occurs at a frequency similar to that of a /ysA + chromosomal marker. In addition, the transduction of pMJMI1I from a recA+ donor strain, MT880, into a recA recipient strain, MT189, is severely reduced compared with that into a recA+ recipient strain, MTl91. These results are similar to those obtained when the plasmid was integrated into the chromosome (Table 2) . We then tested whether transduction of the autonomously replicating plasmid was dependent on RecA in the donor strain. Table 3 indicates that transduction of pMJMI 1 from a recA donor strain (MT879) into a recA + recipient was reduced at least 16-fold compared with the transduction of a lysA+ chromosomal marker; this sharp reduction was not seen when the donor was a recA + strain (MT880). Note that the observed 16-fold reduction is a minimum estimate of the RecA dependence of plasmid transduction because of the severe inability to grow phage P22 on r-ecA strains that contain an autonomously replicating pGP704 plasmid derivative. This RecA dependence is in contrast to when the plasmid was integrated into the chromosome ( Table 2 ), suggesting that a homologous recombination event is required in the donor in order to transduce the autonomously replicating plasmid.
The homologous recombination event required in the donor to allow transduction of autonomously replicating plasmids could be either recombination between individual plasmids or recombination between the plasmid and the donor chromosome. To distinguish between these possibilities we attempted to transduce the parent plasmid, pGP704, which contains no chromosomal sequences. Table 3 shows that the transduction of pGP704 from a rccA+ donor strain, MT1039, into a recipient strain, MT191 (lysA::TnlO recA+), is reduced at least 800-fold compared with transduction of a lysA + chromosomal marker. In contrast, transduction of pMJM 1I, which contains chromosomal homology, from a recA+ donor, MT880, shows only a modest (three-to fivefold) reduction compared with that of the lysA+ chromosomal marker. Taken together, the results in Table 3 indicate that transduction of pGP704-derived plasmids is highly dependent on homologous recombination between the plasmid and the chromosome in the donor strain, suggesting a chromosomal intermediate during the plasmid transduction process.
Implications and applications. Plasmid transduction by phage P22 has been previously reported. In the case of P22 that is wild type for packaging, it was shown that pBR322-based plasmids could be transduced if the plasmid contained either homology to phage P22 (12) or a cloned pac site, the sequence at which P22 packaging is initiated (17) . In the first case, transduction was dependent on homologous recombination in the donor strain and the phage apparently packages a cointegrate of the plasmid and the phage genome (12) . In the second case, transduction was not dependent on a recombinationally proficient donor. Presumably, P22 phage packages, beginning at a pac site, a concatamer of the pac-containing plasmid generated by rolling-circle replication (17) . In contrast, the high-transducing mutant of P22, HT (18) , which contains a mutation that effectively reduces the stringency of the pac site, can transduce pBR322 independent of any sequence homology (15) . It has been suggested that the phage is packaging a concatamer of plasmid generated by rolling-circle replication as in the case of pac-containing plasmids. Indeed, the transduction of these high-copy-number plasmids is significantly higher than transduction of chromosomal markers from the same lysate. Phage-mediated induction of rolling-circlc plasmid replication and packaging of the resulting concatemer has been observed in a variety of systems (reviewed in reference 23).
All of the above plasmid transduction events occur independently of the bacterial chromosome in the donor. In contrast, Trun and Silhavy (21) reported the transduction of low-copynumber plasmids containing cloned chromosomal fragments in E. coli by the generalized transducing phage P1. In this case, transduction is apparently dependent on recombination of the plasmid with the chromosome. The phage packages the chromosomal fragment, essentially trapping the plasmid integrate. This is apparently analogous to the events described here. In our experiments, transduction of the low-copy-number plasmids requires recombination with the chromosome in the donor.
Why do low-copy-number plasmids require integration into the chromosome in order to be transduced, whereas pBR322 derivatives do not? We hypothesize that it may simply be a matter of having a sufficient amount of DNA to allow packagVoi.. 1 75, 1')93 (18) was used for alil transductional crosses. P22 phage stock used in these experiments was grown on MTl 2 (1ysA565::TnlO) to prevent carryover of lysA + to the recipient strain. The 10'" phagc P22 lysates grown on the donor straiins were 4.2 X 107 PFU/ml for MT880, 1.7 x 1(5 PFU/ml for MT879, 1.6 x 10" PFU/ml for MT1039, and 1.7 x t0' PFU/ml for MT1038; 10 and 1(0 2 represent serial dilutions of undiluted phage lysate. For each transduction, t).1 ml of an overnight culture grown in complex medium (ca. 2 x 1()" to 4 x 10" CFU/ml) was used as a recipient of 0.1 ml of transducing phage and plated directly on selective plates.
"When MT879 was used as an undiluted (10")) phage P22 lysaite, ().5 ml of this donor phage was nmixed with ().I ml of recipient.
ing by P22HT. If P22 induces rolling-circle replication of pBR322-based plasmids, this would provide a sufficient length of DNA to allow packaging independent of plasmid monomer size. On the other hand, perhaps the phage is not capable of inducing rolling-circle replication of the low-copy-number plasmids, and therefore, a suitable substrate for packaging is not available. However, if the plasmid recombines into the chromosome, then this would provide a sufficient length of DNA to allow packaging. The phage packages the chromosomal fragment containing the integrated plasmid.
The technique described here should not be limited to suicide plasmids but should also be useful for transduction of any low-copy-number, autonomously replicating plasmids, analogous to the events described by Trun and Silhavy (21) . Because the transduction of low-copy-number plasmids apparently requires integration of the plasmid into the chromosome by homologous recombination, this provides a means to facilitate allelic exchange between plasmid and chromosomal sequences. For example, to clone a chromosomal marker, one can introduce a low-copy-number plasmid carrying a DNA fragment that contains the wild-type sequence into the mutant strain and subsequently transduce the plasmid. Because the plasmid has to integrate into the chromosome in order to be transduced, this effectively traps a recombinational intermediate between the chromosome and the plasmid required for allelic exchange. Thus, a large fraction of the transduced plasmids should contain the original chromosomal mutation, depending on the position of the mutation with respect to the cloned sequences. Note that this cross is also affected by the allele present in the recipient chromosome in that the DNA fragment containing the integrated plasmid can initially recombine with the recipient chromosome prior to plasmid circularization, thus affecting the ultimate frequency of obtaining the desired clone. In certain circumstances, this triallelic cross (two alleles from the donor and one in the recipient) may be desirable. Indeed, many variations of this scheme are possible, making this a generally applicable technique.
